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A great deal of eff ort has been devoted for many years to understand the mechanism of the CET because the dendrite structure can effect the properties of casting. In 1984, Hunt developed the fi rst CET model [2] . Since then, many numeric models have been developed to predict the CET during the solidifi cation of alloys [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Hunt's model assumed that the equiaxed grains can nucleate and grow in the undercooled region in front of columnar dendrites. If the volume fraction occupied by equiaxed grains is large enough when the columnar front arrives, they will block the progress of the columnar front. Hunt's model is used extensively in solidifi cation models. However, it does not predict a gradual transition from elongated equiaxed grains to truly equiaxed ones. Gäumann et al. [3] developed a theoretical model based on Hunt's model to predict the CET transition in many processes. The model takes into account the
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To investigate the effect of three-dimension (3D) thermal convection on columnar-to-equiaxed transition (CET), the CET transition during the solidification of an Al-Cu alloy was simulated by 3D cellular automaton model coupled with the fi nite element method (CAFE). The thermal convection in the liquid phase was considered. The results show that the thermal convection in the liquid phase promotes the CET. When the convection is present, the temperature gradient at the start position of CET increases and the growth velocity of columnar dendrite decreases. The convection infl uences the formation of elongated equiaxed grain through changing the local temperature gradient and dendritic growth velocity. local concentration and the local undercooling at low and high interface velocities. Therefore, the model is appropriate for predicting the CET transition in the rapid solidification. The development of numerical simulation provides a powerful method for predicting the CET in the solidifi cation of alloys. Zhu and Smith [4, 5] developed an improved Monte Carlo model reported by Brown and Spittle [6] because the previous model was difficult to use in the study of the solidification of an alloy system. The model was applied to predict the multi-directional freezing of a two-dimensional (2D) ingot of Al-4.5wt%Cu. The cellular automaton model provides a simple means for calculating the grain structure. Gandin and Rappaz [7] first predicted the dendritic grain structures in solidifi cation processes by a fully coupled finite element-cellular automaton model (CAFE). Dong and Lee [8, 9] developed a cellular automaton model coupled with fi nite diff erence method (CAFD) to simulate the CET during the solidification of an Al-3wt.%Cu alloy. The simulated results were in agreement with experimental observations. In order to take into account the diff erent scale lengths existing in a dendritic structure, Wang and Beckermann [10] simulated the CET transition by a multiphase approach. The calculated CET positions are in a good agreement with measurements in a (1D) ingot cast under well-controlled conditions. Badillo and Beckermann [11] Convection has an obvious effect on dendritic structure formation [12] . So, it is necessary to couple the dendritic growth kinetic calculation with the fl uid fl ow in the liquid phase. Many researchers have focused on the microstructure formation under the convection [12] [13] [14] [15] [16] . The effects of heat transport, convection and solute mass on grain structure were studied by Reinhart [12] . The position of CET in the samples as well as elongation of the grains is well predicted by using 2D CAFE model. Willers et al. [14] carried out an experiment to reveal the infl uence of a rotating magnetic fi eld (RMF) on the unidirectional solidifi cation of Pb-Sn alloys. They found that the convection in the melt generated by the RMF reduced the temperature gradient ahead of the solidification front and promoted the CET transition. Spinelli et al. [15] studied the infl uence of melt convection on the CET transition by the theoretical and experimental approach. They founded that the melt convection favors the CET transition in conditions of downward solidification. Banaszek et al. [16] simulated the CET and liquid fl ow in directional solidifi cation controlled by the diff usion. Results show that natural thermal convection can promote equiaxed solidification. However, to date, the simulation was carried out in a 2D sample. The threedimension (3D) convection occurs during the solidifi cation of the actual castings. How the 3D convection affects the CET transition has not been reported. In order to better understand the eff ect of 3D convection on the CET transition, the CET transition during solidifi cation of an Al-3wt.%Cu alloy was investigated by the cellular automaton coupling with the fi nite element method because it had a much higher computational efficiency compared with other models. The microstructural formation of Al-3wt.%Cu alloy ingots with different diameters was simulated. The three-dimension convection caused by non-uniform temperature in liquid was considered.
Numerical method
The CAFE module of the software Pro/Cast was used to simulate the dendrite growth. The convection caused by the ununiform temperature in the liquid phase was calculated. The fl oating grains coming from the upper surface of the casting and crystal multiplication due to thermo-mechanical fragmentation promoted by the convection are neglected because the magnitude of convection is very small.
The post-processing mode was used to calculate the dendrite growth. The calculation process was: (1) calculating the temperature field and the fluid flow field; (2) calculating nucleation and dendrite growth by CAFE model.
Calculation of fl uid fl ow and heat transport
Navier-Stokes equations are used to calculate fl uid fl ow in the liquid phase. The equation of continuity is:
Navier-Stokes equation is:
where u is the velocity vector (m·s -1 ), t is time (s), ρ is the density (kg·m -3 ), µ is the viscosity (P), p is the hydrostatic pressure (Pa), ρ 0 is the density at the reference temperature and
), g is gravity acceleration (m·s -2 ). The governing equation for heat distribution by the convection and the diff usion is given by:
where T is temperature (K), α 1 is the thermal diffusion coefficient (m 2 ·s -1 ); Q is the source term accounting for the release of the latent heat.
Nucleation rate
The density of the equiaxed dendrite ahead of the solid/liquid (S/L) interface was calculated by the continuous distribution model. The density of nucleus is given as [17] :
where, n is the density of nucleus (m -3 ), ΔT is the total undercooling (K), n max is the total density of available particles (m
), ΔT 0 is the mean value of the distribution (K), and ΔT σ is the standard deviation (K).
Growth of dendrite
The S/L interface velocity (v) was calculated by using the KGT model [18] : where, α and β are coeffi cients (m·s
).
Results and discussion
The microstructural evolution during the solidification of Al-3wt.%Cu alloy was simulated. The parameters used in the present study are listed in Table 1 . The size of samples are 10, 15, 20 and 25 mm in diameter, respectively, and 50 mm in height. The heat transfer coeffi cient of the bottom surface of the . The other surfaces are insulated. At the initial stage, the melt is stationary and the initial temperature is uniform. The initial temperature of the alloy is 1,025 K. In the solidification process, the temperature of the melt becomes non-uniform, which results in the inhomogeneity of melt density. As a consequence, the thermal convection is generated by the density differences in the fluid. The thermal convection influences the temperature field. This changes the local temperature gradients, thus altering the dendritic growth.
Flow pattern
The calculated flow patterns in the bulk liquid ahead of the S/L interface are shown in Fig. 1 . The upper row of Fig. 1 shows fl ow patterns in longitudinal sections, and the lower row of Fig. 1 shows fl ow patterns in cross sections (sliced along the dashed line shown in the upper row of Fig. 1 ). It can be seen that with the increase of the sample diameter, the fl ow intensity increases. For a given alloy system, the fl ow intensity can be characterized by the Rayleigh number. The Rayleigh number Ra T in upward solidifi cation system is given as [19] : where, v is the kinematic viscosity (m 2 ·s -1 ); β T is the
) and d is the diameter of sample (m). Equation (6) indicates that the fl ow intensity is in proportion to four squares of the diameter of sample. It means that the eff ect of the sample diameter on the fl ow intensity is more signifi cant than that of other factors. Therefore, the fl ow intensity increases with the increase of the sample diameter. Figure 1 shows that in three dimensions, the fl ow is not only along the axial direction, but also along the radial direction. It is diffi cult to analyze the eff ect of fl ow on dendrite growth and CET under the such complex situation. Therefore, numerical calculation of the fl ow in 3D is very necessary to investigate the eff ect of fl ow on dendritic growth.
the position of the start and the end of CET are calculated and drawn in Fig. 2 . In Fig. 2 the transition line between the columnar dendrite and the equiaxed dendrite obtained using the Hunt model [2] (solid line) and numerical results [3] (dashed line) are included. The top left corner shows the equiaxed dendrite zone. The lower right corner shows the columnar dendrite zone. It can be seen from Fig. 2 that when the convection is absent, the equiaxed dendrites are obtained in the columnar dendrite zone predicted by using Hunt model. When the convection is present, the calculated results are in a good agreement with the Hunt model and the numerical results from Ref. [3] . And, when convection is present, the temperature gradient at the start of CET increases and the columnar dendrite growth velocity decreases. This is because the convection influences on the thermal field through the advection of heat. The fluid flows from the high temperature zone to the S/L interface as shown in Fig. 1 . Therefore, the undercooling ahead of the S/L interface decreases. This leads to the columnar dendrite growth velocity decreases. On the other hand, the temperature in the liquid phase tends to be uniform when the convection occurs, the formation of the equiaxed grains in liquid becomes easier accordingly.
Dendritic structures
The temperature gradient and dendritic growth velocity at Calculated dendritic structures are shown in Figs. 3 and 4. It can be seen that the columnar dendrite transitions to the equiaxed in the solidifi cation. Figures 3 and 4 also show that the transition between columnar and equiaxed grains is gradually from the columnar to the elongated "equiaxed" grains (shown in the rectangle zone in fi gures), to truly equiaxed grains. When convection is absent, there is an elongated equiaxed grain zone, as shown in Fig. 3(a) and (b) , and there is no elongated equiaxed grain zone in Fig. 3(c) and (d) . When the convection is considered, there is no elongated equiaxed grain zone in Fig. 4(a) , (b) and (d), however, Figure 4 (c) shows an elongated equiaxed grain zone. Dantzig and Rappaze [17] introduce a shape factor or elongation factor to analyze the formation of elongated equiaxed grain. The shape factor S is a function of the temperature gradient, velocity of the isotherms, for a particular set of thermal nucleation parameters and a specific growth kinetics law: , and n g is the density of nucleation sites (m -3 ). v T is the isotherm velocity (m·s -1 ). When S is close to 1, the grains are truly exquiaxed. The large value of S corresponds to columnar grains. In the present simulations, the temperature gradient and dendritic growth velocity are changed with the solidifi cation process. If the local temperature gradient and isotherm velocity make the value of S large enough, the elongated grains will form, as shown in Fig.  3 fi eld was modifi ed by the convection. There was no elongated grain zone in samples with diameters of 10 mm and 15 mm, while there is an elongated grain zone in sample with a diameter of 20 mm, as shown in Fig. 4(c) . Figure 5 shows the start position of CET measured from the bottom of the sample. It can be seen that the start position of CET is lower when the convention is present. Therefore, even though the fl oating grains coming from the upper surface of the casting and crystal multiplication caused by thermomechanical fragmentation are not considered, the convection promotes the CET. The equiaxed structures are promoted due to the convection tendency to decrease the thermal gradient in the liquid [17] . Figure 6 shows the calculated temperature field at solidification time of 15 s. The isothermal was no longer horizontal impacted by the convection. The temperature gradient ahead of the S/L interface at solidifi cation time of 15 s is shown in Fig. 7 . It can be seen that the temperature gradient ahead of the S/L interface decreases when the convection is present. This is because the convection can increase the transport of heat. 
Conclusions
The CET transition during the solidification of an Al-Cu alloy was simulated by using a three-dimension (3D) cellular automaton model coupled with the finite element method (CAFE). The natural convection caused by the non-uniform temperature in liquid phase is considered. The results show that the convection in the liquid phase promotes the CET. When the convection is present, the temperature gradient at the start of CET increases and the growth velocity of columnar dendrite decreases. Convection infl uences the formation of the elongated equiaxed grain through changing the local temperature gradient and dendritic growth velocity. One should note that, in our present simulations, dendrite fragmentation is neglected because the magnitude of convection is very small. In the future work, the focus will be on the remelt of dendrite arms, and the eff ect of dendrite fragmentation on the CET.
